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ABSTRACT
Energy prices in Puerto Rico are increasing constantly, making evident the need for
alternative energy sources. Several methods to produce power have been developed as
alternatives to burning petroleum, such as solar energy generation, but these processes
have not been successfully implemented in Puerto Rico because of the high initial costs
and the inability to produce electricity at a cost lower than the current value.
One possible solution to this problem is the anaerobic digestion system. Anaerobic
digestion is a bio-chemical process in which complex organic material is broken down by
microorganisms in a controlled anoxic environment. This system has two main outputs,
the principal one being the decomposition of organic matter and reduction of solids
contents in the material and the second one being the production of a biogas, which can
be used to generate electricity.
Another possible solution to the energy problem in Puerto Rico is wind energy. Wind
energy generation systems harness the power of the wind with the aid of wind turbines on
wind towers. These systems can generate large amounts of clean energy and could
greatly help solve the problem in Puerto Rico.
The anaerobic digestion system and the wind energy generation system were researched
and studied and the system fundamentals, components, processes, economics, and power
outputs were determined. The systems were then compared to see which one of them
would be more suitable for Puerto Rico. After careful analysis, anaerobic digestion was
selected as the most suitable alternative energy system for Puerto Rico because of its
energy generation capabilities and its positive environmental impact.
Thesis Supervisor: Ernesto E. Blanco
Title: Adjunct Professor of Mechanical Engineering
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CHAPTER
1
INTRODUCTION
As of January 2006, one kilowatt-hour of power costs 16 cents in Puerto Rico.
This price is expected to increase in subsequent years, thus the need for an alternative
energy source is imminent. Several methods to produce power have been developed as
alternatives to burning petroleum, such solar energy generation, but these processes have
not been successfully implemented in Puerto Rico. The main problem is the high initial
costs of installing these systems and the high cost of the electricity produced by them.
Because of the inevitability of ending petroleum use, engineers have been looking
at anaerobic waste digestion to produce energy and at the same time reduce waste loads.
The technology is not new, however it has not been widely used in the United States.
This energy is renewable and the process can be very efficient.
I intend to study the way energy is generated by anaerobic waste digestion. I will
consider the costs of implementation and the amount of energy produced. I will then
compare this data with that of another alternative energy generation system and from
there will determine which is the most favorable option for Puerto Rico.
The system that will be compared with anaerobic digestion is the wind energy
generation system. This system has been successfully implemented all over the world
and has produced many positives outcomes. Puerto Rico is considered to be a suitable
site for installing many of these energy generating wind mills because of the strong trade
winds it receives during the year. The clean wind energy produced by this system could
possibly solve the energy problem in Puerto Rico.
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CHAPTER
2
ANAEROBIC DIGESTION
2.1 Overview
Anaerobic digestion is a bio-chemical process in which complex organic material
is broken down by microorganisms in a controlled anoxic environment (Ddvila, Pagan, &
Sanchez, n.d.). The anaerobic digestion process was developed many years ago and is
well known and understood. The process, however, has not been implemented in many
countries because of the high initial cost and heavy maintenance issues. Still, there are
many advantages for using this process over other similar, less expensive processes.
Anaerobic digestion has three main outputs, the principal one being the
decomposition of organic matter and reduction of solids contents in the material, the
second one being the production of a biogas, and the third one being the production of
fertilizer. This last feature is possible due to a chemical reaction that occurs in the
process that changes nitrogen into ammonia. The generated biogas is very useful because
it is combustible and can be used to provide power to the anaerobic digestion plant as
well as other machines with the use of a motor and an electric generator. These
advantages rate it higher in comparison to other waste treatment processes.
There are several parameters used to asses the efficiency of the system. These
are: chemical oxygen demand (COD), biochemical oxygen demand (BOD), total solids,
volatile solids, biogas production, pH, and temperature. The BOD range is typically from
0.3-0.8 kg/m 3 day, which are kilograms per cubic meter of reactor size per day. The
temperature should range from 26'-50'C, preferably 38°C, and the pH from 7-8,
preferably 7. The pH levels remain very stable once the start up phase of the process is
complete and a steady state is achieved (this takes approximately 30 days). Of these
parameters, temperature is the most important because it controls the amount of gas
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produced and waste decomposition. It is therefore important to monitor the temperature
and maintain it within its limits. If these parameters are not kept under control the
bacteria in the digester will die and the process will fail.
Another parameter which affects the outcome of the process as well as the overall
cost of the design is the detention time. The detention time is the amount of time the
waste is inside the reactor. The typical range of detention times is from 20-25 days,
certain modifications in the design of the tanks allow detention times as low as 7 days. In
terms of design, the higher the detention time, the bigger the reactor tank must be, and
thus the higher the cost of the system. As for the outcome, the higher the detention time,
the better the quality of the waste effluent. The effluent's percent removals of COD,
BOD, volatile solids, and total solids will increase with longer detention times. These
results would be favorable, but the cost of the system would be too high. The detention
time also affects the production of biogas. The higher the detention time, the higher the
amount of biogas produced. The detention time can be lowered up to a certain point,
after which, there will not be enough contact time between the bacteria and the waste, gas
production will be reduced and the reactors will die.
Another factor that affects the production of biogas is the loading rate. The
higher the loading rate the greater the production of biogas, but the lower the quality of
the waste effluent. Anaerobic digestion plants can be designed to produce different
outcomes; they can either produce a high quality waste effluent or large amounts of
biogas. The design ultimately depends on the customer's needs.
2.2 Process
The process consists of gathering organic compounds (any organic material or
waste) and hydrolyzing these compounds. In the hydrolysis step, insoluble materials
become soluble. The hydrolyzed compounds then pass through acid bacteria which
create an organic acid. Finally the organic acid is converted into biogas with the aid of
the methanogens, or bacteria that create methane. The biogas is sent to a storage tank and
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is later passed through an energy generator. Figure 1 below illustrates the complete
anaerobic digestion process.
Figure 2.2: Anaerobic Digestion Process. 7
Figure 2 below illustrates a simplified model of the anaerobic digestion process.
Emphasis is given to three critical steps.
10
Hydrolysis Methanogens
Figure 2.2: Principal Steps in the Anaerobic Digestion Process.2
2.3 Components
One of the most common systems used for anaerobic digestion is the one
designed by Biorganic Energy, Inc. This company develops waste treatment machines
and processes. Their anaerobic digestion system consists on a horizontal reactor tank
with several chambers aligned in series, which are used for the solid-liquid separation.
There is also a storage tank for collection the produced biogas. The complete system is
connected directly to the waste storage tank. The system can be operated continuously or
in batches, depending on the customer's needs. Figure 3 below illustrates a diagram of
Biorganic Energy Inc.'s process chambers. Figure 4 below illustrates the plan for a pilot
plant study done in Puerto Rico.
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Figure 2.3: Biorganic Energy Inc.'s process chamber.2
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Figure 2.4: Anaerobic Digester Plan for Experiment Plant in Puerto Rico. 2
2.4 Economic Analysis
One possible use for an anaerobic digester would be in a dairy farm. The organic
wastes generated by the cows can be used to generate power. The total expenses and
costs for each component in the anaerobic digestion system installed in a dairy farm are
listed below in Figure 5.
Expenses Cost
250 Cows Free Stall ($1,200/cow) $300,000
Sand Separator $40,000
12,500 Gallon Digester $20,000
12
75,000 Gallon Biogas Storage Tank $95,000
Generator $35,000
Additional Expenses $25,000
TOTAL $505,000
Table 2.1: Economic Analysis Table. 
The anaerobic digester can work in any type of farm; its use is not exclusive for
dairy farms. Still, the machinery required is very similar to the items listed above (Figure
5), except the cow stalls.
2.5 Power Analysis
Following the example in section 2.1.4., if the anaerobic digestion system is used
to decompose organic matter from cows, the energy output can be calculated with the
following equation.
2 x (number of cows) = P (1)
Where number of cows is the number of adult cows in the dairy farm and P is the power
produced in kilowatts-hour per day. The equation is based on the principle that one cow
can produce two kilowatt-hours per day; therefore 250 cows produce 500 kilowatt-hours
per day. Cows are milked twice a day, which in total takes about eight hours. If the
system is running for eight hours then the 250 cows will generate 62.5 kW. The
following formula shows the potential economic benefit from the energy produced per
month.
PxCxTxD=B (2)
In this equation, P is power in kWh/day, C is the local cost of energy in dollars per kWh,
Tis the time the machinery is operated in hours per day, D is the number of days per
13
months that the machinery is operated, and B is the economic benefit in dollars per
month. If we solve equation (2) for the 250 cow dairy farm, at a local energy cost of
$0.08/kWh, with the machinery being used six hours per day and 30 days per month, the
benefit is $900 per month. This is illustrated in equation (3) below.
kWh h day $90062.5 kWhx $0.08 x 6 h x 30 day - $90(3)day kWh month month
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CHAPTER
3
WIND ENERGY
3.1 Overview
Jarass (1981) defines wind as "an air movement produced from pressure
differences due to large-area differences in the balance of radiation between various
geographical latitudes or between land and sea" (p. 9). Wind is a natural infinite source
of renewable energy, which if harnessed can generate large amounts of power. Wind
energy is the term used to describe the process by which the wind generates a force that
can be converted into electrical power. Wind turbines capture the kinetic energy present
in the wind's movement and convert it into a mechanical force. This force can be used to
either perform tasks, such as pump water from a well, or to generate electricity through
an electrical generator. These turbines have two or more blades mounted on a rotor that
is connected to an electricity generator. When the wind hits the blades the rotor turns,
generating electrical power. Wind power has become one of the most popular forms of
generating clean, environmentally friendly energy and its use is increasing as other power
sources, such as petroleum, become depleted.
Since this system uses a natural resource as its fuel, it is of utmost importance to
understand and know the critical parameters that affect the qualities of the fuel, wind.
One of the most important parameters is the density of the air because of the linear
relationship between it and the wind power: the larger the density the greater the wind
power. The density of air is related to its temperature and pressure by the ideal gas law.
The ideal gas law equation is written below.
PV = mRT (1)
15
which can be re-arranged into:
p P (2)RT
where P is the pressure, R is the gas constant, and Tis the temperature of the air. The
temperature and pressure of the air can change if the altitude changes. If the altitude is
increased, then the pressure will drop as well as the density.
Besides the temperature, density, and pressure, there are other important factors
which affect the design of the system. Among these factors are site location and
orientation. In terms of orientation, it is important to know that between latitudes 0°-30°
north and south of the equator, the wind moves from east to west. These winds are
known as the trade winds. Between latitudes 30°-60° north and south of the equator, the
prevailing winds move form west to east. Around the equator there are almost no winds.
The directions of these winds are due to the rotation of the Earth and the uneven heating
that arises from this motion. Figure 6 below illustrates the global wind patterns.
Figure 3.1: Global wind patterns. 6
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The main factor that determines the location of a wind farm, or collection of wind
turbines, is the wind speed. For small turbines, winds of about 11 mph (4.92 m/s) are
sufficient, while for larger turbines in wind farms winds of about 13 mph (5.81 m/s) are
required. There are places that have higher wind speeds than others, making the site a
critical part in the project planning. Therefore, it is important to know what factors affect
the wind speed, these are: land terrain, weather, and height above sea-level. Since the
wind speeds are not constant during the entire year, engineers and meteorologists have to
estimate an average wind speed and predict the wind conditions for several years before
they specify a location as a wind farm site.
3.2 Components
A wind power system consists on one or more units connected electrically in
parallel. The main components are a tower, a wind turbine, two or three turbine blades, a
yaw mechanism, a mechanical gear, an electrical generator, a computer with control
electronics, a battery, a transmission link connecting to an area grid, and several speed
controls and sensors. All the wind systems are controlled from a central computer room.
Wind turbine sizes are determined by the amount of wattage they can generate.
They range from 2 kWto about 3 MW. Wind turbines are located at the top of the tower
in order for them to receive stronger winds with almost no turbulence. They usually have
two or three turbine blades usually constructed out of fiberglass and epoxy composites or
high-density wood. Their length ranges from 20-40 m, depending on the tower height.
The blade design must be very aerodynamic in order for the system to function properly
and generate substantial amounts of energy.
Wind towers are made up of either steel or concrete and their height ranges from
20-60 m. The towers have to be strong enough to support the turbine and the nacelle,
which contains most of the components of the system. A tower's height is usually higher
than the rotor diameter for large or medium sized turbines. For smaller turbine sizes, the
tower's height is proportional to several rotor diameters. Figure 7 below illustrates a
17
section view of a wind turbine and its major components. Figure 8 below illustrates a
wind turbine and tower.
Figure 3.2: Section view of a wind turbine showing principal components.5
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Figure 3.3: Front and side views of a wind tower and turbine 5
3.3 Economic Analysis
Wind power systems have high initial costs because of the many components in
the system. Each component's cost varies, depending on the market and upcoming
technologies. Every year, the cost of each component decreases as new technologies
keep emerging, and less complex components are designed. Figure 9 below illustrates
the percentage of the total cost for each component, but it does not include the cost of
purchasing land for the wind farm.
Cost Item Percent Contribution
Rotor Assembly 25
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Nacelle structure and auxiliary equipment 15
Electrical power equipment 15
Tower and foundation 10
Site preparation and roads 10
Ground equipment stations 8
Maintenance equipment and initial spares 5
Electrical interconnections 4
Other nonrecurring costs 3
Financing and legal 5
TOTAL 100%
Table 3.1: Wind Power System Component Cost Contribution in Total Capital Cost.5
The total investment for one wind power system is about $607,500. This estimate
was calculated for a 600 kW wind turbine ($450,000) with installation costs of 35% of
the wind turbine price ($157,500) and a 20-30 year expected lifetime. The cost of the
wind turbine is 500-800 $/kW (M.K. Patel).
3.4 Power Analysis
The most common wind power systems generate from 500 to 1000 kWh. Some
larger, but rarer wind power systems can generate up to 3 MW of power. When these
power systems work together in a wind farm under the same grid, they can generate up to
3000 MW. By the year 2015, the U.S. hopes to provide about 12,000 MW of wind
generated power. Still, the amount of power generated varies throughout the year due to
the weather changes, which affect the wind speeds.
20
CHAPTER
4
SYSTEM APPLICATIONS IN PUERTO RICO
4.1 Anaerobic Digestion for Puerto Rico
Using the anaerobic digestion process in Puerto Rico has many benefits. As
mentioned previously, one of the features of the system is that it decomposes organic
material. This is particularly important in Puerto Rico because there are many problems
with solid waste management. Studies done in the University of Puerto Rico show that in
Puerto Rico there are about 1.5 million acres used for agriculture on which there are
about 2500 swine farms, 500 dairy farms, 240 broiler houses (chicken used for the meat),
and 76 layer projects (Davila, Pagan, & Sinchez, n.d.). These agricultural facilities
generate very large amounts of waste, making the waste management processes very
critical in an island with only 3500 square miles with a very high population density.
Urban and industrial development has increased the value of land, causing a reduction in
the area of land dedicated to agricultural enterprises. Modern agriculture emphasizes
animal comfort in order to obtain a higher production in a smaller land area. This
stimulates a tendency to have animals in confinement, causing high waste volumes per
unit area. When animals are permitted to roam freely in open pasture areas a natural
waste degradation process takes place.
As mentioned previously, one of the critical parameters in the anaerobic digestion
process is temperature. Keeping the temperature at certain levels is of utmost importance
in order to control the outcomes of the process. One of the benefits of installing this
system in Puerto Rico is that the hot climate makes it easier to keep a hot tank
temperature without the aid of any heating sources. This benefit reduces the overall cost
and complexity of the system.
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Installing this system in Puerto Rico will not only help solve the many waste
management problems in rural areas where farms and other agricultural facilities are
located, but it also has the potential to help generate energy in urban locations as well. In
Puerto Rico about 50% of the houses use septic tanks to dispose of household
wastewaters (Ddvila, Pagan, & Sanchez, n.d.). These houses generate large amounts of
high organic waste which requires heavy processing. This problem could be solved if all
the waste from these septic tanks could be directed to an anaerobic digester to be
processed. Installing this system would improve the waste management process, lower
cost, generate energy, and create the opportunity of building more housing were it was
not possible before.
One of the reasons why anaerobic digestion has not been implemented in Puerto
Rico is because of its high initial costs. Since the initial anaerobic digestion plants would
be installed in farms, some of the initial costs could be covered by government
incentives. In Puerto Rico, the government provides funding for agricultural projects that
can help solve current problems and that are environmentally friendly. Anaerobic
digestion could get funding from the government because it solves the problem of waste
management and at the same time generates renewable energy in the form of a biogas.
It is evident that there are many positive benefits that can come from using an
anaerobic digester to both help in the waste management and generate energy. Puerto
Rico would greatly benefit from the implementation of this system.
4.2 Wind Power for Puerto Rico
As mentioned before, Puerto Rico is in great need of alternative energy generation
systems. The Puerto Rico Electric Power Authority (PREPA) is looking into renewable
energy projects, but nothing concrete has been done to solve the problem. One possible
solution is to use wind power to generate electricity.
The island of Puerto Rico is located in the Caribbean on the 18° latitude. It
receives the trade winds that move from east to west. These winds are powerful enough
to be used to generate power and Puerto Rico has certain areas where installing wind
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farms would suitable. The northern and eastern coasts have a class-3 annual wind power.
Class-3 wind power is the minimum annual wind power required to consider a site
suitable for a wind power system (Barchet, Elliott, Foote, Holladay, & Sandusky, 1986).
The northeastern coast of the Puerto Rican outer islands Culebra, Vieques, and Mona also
receive class-3 winds. The best location to set-up a system would be Cape San Juan,
which is 5 km seaward from the northeastern corner (see Figure 10 below).
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Figure 4.1: Wind Map of Puerto Rico and the Outer Islands of Vieques, Culebra, and Mona.4
Cape San Juan receives high speed winds due to the cliff-like terrain, which makes the
trade winds accelerate as they round the northeastern part of the island. The maximum
speeds are felt during the winter, but strong winds are still felt during the entire year.
Other possible sites include Cerro Maravilla and Cerro Punta, which are the two highest
peaks in the island located in the central mountainous region known as the Cordillera
Central. The peaks in Sierra de Cayey and Sierra de Luquillo are also other promising
sites for wind power systems. All of the aforementioned receive annual class-3 winds.
During the summer and winter periods the wind speeds increase and become class-4, but
during the autumn period they decrease drastically and are not suitable for energy
23
generation. Figure 11 below illustrates the wind power classification for Puerto Rico and
its outer islands.
Puerto Rico - Wind Resource Map
to
Ist
Ow w7aw WWil*^Pw s P atomVwd 0uM t A Sl0: G w eo°t wg%- e
I Mw 00-400 GA H 1.o 
. e ll k 1.0-u 40 I -7 . 1 .- 117
.7 ~ e0 140( (e 11.1 is 1-.:
W MheeruHsgklswIbvllO 20
IJ Amw
_ 0 20 40 0 90m'tM
.s 0 -- o 4 mW
U 1 DNI f w
wr_ l - -- ION ilrg Lft"Owo
'4tW
Tom lon
- 3110.I0.I-Jowly_
Figure 4.2: Wind Resource Map for Puerto Rico. 4
Wind power projects have not had success in Puerto Rico because they have not
been able to prove that they can sell the generated electricity to PREPA at a rate of
$0.06/kWh, which is the rate at which they are currently producing electricity with other
power systems. If this rate is reached, there will be further development of wind power
projects on the island. Until then, the wind energy projects are on hold.
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CHAPTER
5
COMPARISON OF SYSTEMS
Wind power generation systems and anaerobic digestion systems are two possible
solutions for the energy problems in Puerto Rico. In order to evaluate the systems,
certain critical parameters were observed. For each parameter, the systems were
qualified as High, Medium, Low, or None. The results are presented in Figure 12 below.
Parameters Anaerobic Digestion Wind Power
Initial Cost High High
Environmental Benefits High None
Reliability High Medium
System Stability High Low
Operation and Maintenance Low High
Costs
Table 5.1: Comparison Chart for Energy Generation Systems.
From the economic sections above, it is evident that both systems have high initial
costs. The main difference is that the initial cost for the wind power system was
calculated for only one wind turbine tower. If additional towers were required then the
cost would multiply and would increase greatly. The cost calculation for the anaerobic
digestion system was done for the entire system.
The anaerobic digestion was rated as High in the environmental benefits
parameter because in addition to producing renewable energy, the system decomposes
solid organic matter and helps control water pollution and odor problems in farms. The
wind power system only generates renewable energy, without harming the environment.
Anaerobic digestion's reliability and stability are both High because the system
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encounters very few problems during operation and most of the critical parameters
remain stable during the process. The operation and maintenance costs for this system
are therefore very low. On the other hand, the wind power system has a Medium
reliability and a Low system stability because of the many problems and failures that
occur during operation. This system is exposed to large forces that create stresses in the
components, which on the long-run lead to failures. The most common causes of failure
are component failure (30%) and control system failure (26%). The principal
consequence of these failures is plant stoppage, which is the worst-case scenario (Patel,
1999). For these reasons, maintenance and inspection routines are required in order to
ensure full system functionality and prevent plant failure. It is evident that the cost of
maintenance for the wind power system is High.
26
CHAPTER
6
CONCLUSIONS
The acquired data and information suggests that the anaerobic digestion system be
selected over the wind power system as an alternative energy generation system for
Puerto Rico. This system can provide many benefits to its users and can help reduce
pollution. In this report only two systems were compared out of the many systems that
exist. The systems were selected based on two factors: low initial costs in comparison
with other systems and probability of success in Puerto Rico. Figure 13 below shows
other systems that could possibly be implemented in Puerto Rico with their capital and
generation costs.
Plant Technology Capital Cost, $/kW Generation Cost (Fuel
+ Capital) U.S.
cents/kWh
Wind Turbines 500-800 5-7
Solar Photovoltaic 2000-4000 15-25
Solar Thermal 3000-5000 8-10
Solar II type Land -15 acres/MW 8-10
Coal Thermal (Steam- 400-600 (land -10 3-4
Turbine) acres/MW)
Combined Cycle Gas-Turbine 800-1200 5-7
Table 6.1: Capital Cost and Energy Generation Cost for Various Power Technologies.
Another reason why the anaerobic digestion system was selected over the wind
power system is because of its design flexibility. The system's focus can be directed to
either produce large amounts of biogas or to produce a high quality waste effluent.
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Another possible design could consist on running two digesters at the same time. One of
the digesters would run at a high loading rate and a short detention time and the other
would run at a low loading rate and a high detention time. The low quality effluent from
the high loading rate digester could be redirected into the other reactor to be re-processed.
This new design would greatly improve the waste discharge and would increase the
generation of biogas. Still, the cost for this design would be high.
A less expensive system could also be designed using a lagoon as the digester.
This system requires certain weather conditions in order for the temperatures to remain
within their limits and for the system to function. Maintaining this system is more
complicated, but the results are very similar to the system that uses tanks as digesters.
Several farms in the U.S. currently use this system and are able to generate significant
amounts of biogas.
28
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